###### Significance of this study

What is already known about this subject?
=========================================

-   Cholinesterase inhibitors and memantine are currently the only pharmacological treatment of Alzheimer's disease and mixed-pathology dementia.

-   Prior studies have suggested beneficial effects of cholinesterase inhibitors on cardiovascular, cerebrovascular and care-related outcomes.

-   Patients with diabetes mellitus and dementia were previously found less likely to receive cholinesterase inhibitors in comparison to patients without diabetes.

What are the new findings?
==========================

-   Patients with diabetes and dementia were less commonly treated with cholinesterase inhibitors; however, the reductions in mortality associated with their use were significant and similar to patients without diabetes. Contrary to previous findings, no dose-response effect was observed.

-   Among the specific cholinesterase inhibitors, donepezil and galantamine had overall positive effect on mortality among patients with diabetes.

-   Reduction in diabetes-related mortality was associated with cholinesterase inhibitor use, while cardiovascular mortality was not significantly modified in patients with diabetes and dementia.

How might these results change the focus of research or clinical practice?
==========================================================================

-   Use of cholinesterase inhibitors in patients with diabetes and dementia seem to positively affect patient survival, with donepezil and galantamine associated with the largest survival benefit, while higher doses did not seem to exhibit further advantage overall. However, we are aware of the CIs being relatively close to unity and the presence of residual confounding; thus, the study cannot substitute a randomized clinical trial.

-   Consequently, we believe further exploration of the interaction between cholinesterase inhibitors and diabetes outcomes is warranted.

Introduction {#s1}
============

Increasing life-expectancy brings new challenges to the ageing populations, and tackling multimorbidity is a global priority.[@R1] Both dementia and diabetes mellitus (DM) frequently coexist, as 13%--20% of patients with dementia suffer also from DM.[@R2] DM is a well-established risk factor for dementia;[@R3] however, the quality of dementia care when DM is present warrants further research. Moreover, the current DM standards-of-care do not address the DM-dementia coexistence in detail, restricting the recommendations to periodic screening for cognitive decline and individualized approach.[@R4] However, individualizing treatment requires high-quality studies focusing on the interplay between pharmacological treatment and clinical care of both DM and dementia.

Current treatment of Alzheimer's disease (AD) is symptomatic and limited to acetylcholinesterase inhibitors (ChEI) and the NMDA-receptor antagonist memantine. ChEI provide a modest, but significant effect on cognition; however, few studies have considered their long-term use.[@R5] Moreover, several studies have found improved survival and positive changes in the relative risks for cardiovascular events in ChEI-treated patients with dementia.[@R7] On the other hand, the increased incidence of hypotension, falls and gastrointestinal side-effects may counterbalance their protective effect.[@R10] Moreover, previous studies have not taken into account discontinuation of treatment after dementia diagnosis, nor have ChEI been evaluated in the subpopulation of patients with DM, which suffer from higher rates of mortality, stroke and cardiovascular events.

In addition, although the specific ChEI drugs have similar mechanism of action, they differ in pharmacological properties and targets. Donepezil is a selective and reversible ChEI,[@R11] while rivastigmine is slowly reversible, inhibits both acetylcholinesterase and butyrylcholinesterase,[@R12] and is available as oral treatment and transdermal patch. Galantamine is rapidly reversible, and additionally acts as an allosteric modulator of the nicotinic cholinergic receptors.[@R13] Thus, it is plausible that some ChEI drugs may be more suitable for patients with DM than others.

Our research group has previously shown that Swedish patients with DM with AD or mixed-pathology dementia received significantly less ChEI than their non-DM counterparts,[@R14] suggesting inadequate clinical management.[@R15] It is possible that the generally higher burden of vascular pathology and high number of prescribed drugs could potentially affect the decision to treat patients with DM with ChEI. However, AD is still the most common dementia disorder in patients with DM,[@R16] thus the absence of ChEI treatment is not optimal for these patients.

This study had three objectives: (1) assess all-cause, cardiovascular and diabetes-related mortality in patients with DM with dementia who were prescribed ChEI up to 9 years after dementia diagnosis; (2) assess the mortality rates in ChEI-treated patients with DM compared with their non-DM counterparts; (3) determine differences among specific ChEI drugs and their prescribed dose.

Methods {#s2}
=======

Data sources {#s2-1}
------------

This registry-based open-cohort study was performed using the information from four Swedish registries, which are described below. The Swedish Personal Identification Number was used to identify patients across registries. Data merging was performed by a separate government entity (National Board of Health and Welfare).

The primary study inclusion criterion was dementia diagnosis with exclusion criteria comprising incorrect or missing data on key variables, or irrelevant dementia types ([online supplementary figure 1](#SP1){ref-type="supplementary-material"}).
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Swedish Dementia Registry (SveDem) {#s2-2}
----------------------------------

SveDem is a Swedish quality-of-care registry and has been thoroughly described previously.[@R17] Briefly, SveDem was established in 2007 with the purpose to register all patients with dementia in Sweden at the time of dementia diagnosis and annual follow-ups. It stores data on clinical characteristics (eg, Mini-Mental State Examination (MMSE)), sociodemography (eg, living arrangements), community support (eg, homecare) and general pharmacological management of patients with dementia.[@R17] Dementia disorders recorded in SveDem include AD, mixed-pathology dementia (both AD and vascular pathology present), vascular dementia, dementia with Lewy Bodies, frontotemporal dementia, Parkinson's disease dementia, unspecified dementia (uncertain dementia type) and other dementia types (eg, corticobasal degeneration). As of 2017, more than 70 000 patients with dementia have been registered, which makes SveDem the largest dementia registry in the world.[@R18]

In the present study, we included patients recorded in SveDem until December 31, 2015 and diagnosed with AD or mixed-pathology dementia.

Swedish Prescribed Drug Registry (Drug Registry) {#s2-3}
------------------------------------------------

The Drug Registry was established in July 2005 and includes data on all dispensed drug prescriptions at Swedish Pharmacies to the entire Swedish population.[@R19] The pharmacological records are coded according to the Anatomical Therapeutic and Chemical (ATC) classification. We extracted the drug data below since the start of the registry until December 31, 2015.

Patients were considered users of ChEI medications (ATC codes N06DA, N06DA02, N06DA03 and N06DA04) if the first date of prescription fill of ChEI ATC codes were recorded by the Drug Registry at the time of dementia diagnosis or in the yearly periods after dementia diagnosis (up to 9 years).

Two approaches to exposure status were used---whole-cohort analysis and propensity-score (PS) matched analysis.

### Whole-cohort analysis {#s2-3-1}

Patients with recorded ChEI usage at the time of dementia diagnosis were considered exposed at the start of follow-up. Patients who received medication after dementia diagnosis but were not ChEI users at the time of dementia diagnosis were considered unexposed until the date of first withdrawal of drug from the pharmacy (=prescription fill). If no date was recorded, patients were unexposed until the study end.

Moreover, in the ChEI class analysis, the patients were considered exposed if a date of first prescription fill was present in the individual yearly intervals, with exposure lasting until the first prescription fill date in the next yearly interval (with exposure continuing in the following interval). Also, patients were kept exposed for 1 year after the last known fill date if no next prescription fill was observed. After this 1 year, patients were considered unexposed. This was done to account for other fills in the interval and the possibility of stockpiling medications by patients. Patients were transferred to the exposed group, if they had filled a prescription after an unexposed period.

For specific-drug analysis, the exposure time was assigned the same way as for ChEI class; however, some patients transferred to other ChEI drug in the same or next intervals. We took into account the temporal nature of drug usage (eg, donepezil prescription first, then a prescription date of rivastigmine occurred the same year) and considered patients unexposed after the date of prescription fill of other medication (these patients were not kept exposed 1 year after the last known prescription fill). The exposure-time assignment is summarized in [online supplementary figure 2](#SP1){ref-type="supplementary-material"}.

To assess the dose-response to ChEI class and specific drugs, we also extracted the prescribed daily doses (PDD) at the first date of prescription fill within each yearly interval (if a date was present).

### Propensity-score matched analysis {#s2-3-2}

To increase comparability, PS-matched user/non-user pairs were generated according to the exposure to ChEI, donepezil, rivastigmine, galantamine and relevant dose at the time of dementia diagnosis, or within the first year after dementia diagnoses.

Patients prescribed ChEI before dementia diagnosis (prevalent users) were excluded from both analyses.

Data from the Drug Registry on antidiabetics (ATC code A10---drugs used in diabetes), antipsychotics (N05A), hypnotics/sedatives (N05C), antithrombotic medication (B01) and drugs affecting cardiovascular system (C) were also extracted. Patients were considered users of medication if a drug was dispensed at the time or up to 3 years prior to dementia diagnosis.

Swedish National Patient Registry (Patient Registry) {#s2-4}
----------------------------------------------------

The Patient Registry records all inpatient and specialized outpatient visits in Sweden, starting from 1987.[@R20] The included diagnoses are coded according to the 10th version of the International Classification of Diseases (ICD-10).[@R21] We extracted the information on patient records until December 31, 2014.

DM was identified by the ICD-10 code E10-E14 in the patient records or antidiabetic treatment (ATC code A10) prior to their dementia diagnosis. We did not differentiate between patients with type 1 or type 2 DM; however, the majority of patients are expected to be diagnosed with type 2 DM. Duration of DM was based on the difference between the date of dementia diagnosis and either the date of the earliest record in the Patient Register where a code E10-E14 occurred, or the earliest dispensation date of ATC code A10 from the Drug Register.

To adjust for the effect of additional diseases, we created a comorbidity index as devised by Charlson *et al*,[@R22] using the algorithm described by Quan *et al*.[@R23] The ICD-10 codes for dementia were omitted as all patients were diagnosed with dementia. To avoid overadjustment, a separate comorbidity index was coded for patients with DM, excluding any DM-related ICD-10 codes.

Swedish Cause of Death Registry (Death Registry) {#s2-5}
------------------------------------------------

The Death Registry contains data starting 1952 and is the basis for official statistics on death causes in Sweden.[@R24] The purpose of the registry is to describe the development of national all-cause and specific-cause mortality recording underlying and contributing causes of death based on the ICD-10 classification.

We extracted the information from the Death Registry since its initiation until the August 28, 2016--the end of the study follow-up. Overall mortality, cardiovascular mortality and diabetes-related mortality were counted if a valid record (patient death dated after dementia diagnosis) was present. Death from cardiovascular and cerebrovascular reasons was considered, if a patient had ICD-10 codes I00-I79 as the underlying (primary) cause of death. Death due to diabetes was considered if a patient had ICD-10 codes E10-E14 as underlying cause of death.Cardiovascular '(CV) mortality' and 'DM mortality' will be used as abbreviations for the two causes of death.

Statistical analyses {#s2-6}
--------------------

### Comparisons {#s2-6-1}

The main comparison was done between users and non-users of ChEI among patients with DM and non-DM, respectively. To adjust for baseline differences, both adjustment for confounders in the regression models and PS matched cohorts were used. The PS was based on the variables: age at dementia diagnosis, gender, cohabitation, type of dementia diagnosis, MMSE score, Charlson comorbidity index at dementia diagnosis and cardiovascular, antithrombotic, antipsychotic and hypnotic/sedative medication at the time of dementia diagnosis or up to 3 years before. Patients with DM were also matched on the overall antidiabetic drug use at the time of dementia diagnosis or up to 3 years before and diabetes duration. Nearest-neighbor 1:1 PS matching without replacement using the caliper width of 0.2 SD of the logit of PS was applied.

Using the PS matching in the DM cohort, we identified 999 ChEI user/nonuser pairs, 1246 donepezil pairs, 478 rivastigmine pairs and 516 galantamine pairs. In the non-DM cohort, we identified 5358 ChEI user/nonuser pairs, 7942 donepezil pairs, 3363 rivastigmine pairs and 4157 galantamine pairs. Donepezil, rivastigmine and galantamine users were compared with non-users of ChEI and users of the other ChEI (eg, donepezil user versus ChEI non-user or user of rivastigmine or galantamine---ergo more possible pairs for donepezil than for ChEI class).

To analyze dose-response, the PDD were divided into two groups (low and high dose) by splitting on the 50th percentile of the PDD received. The low-dose group comprised of PDD lower and including 50th percentile, with high-dose group comprising doses above the 50th percentile.

### Description {#s2-6-2}

The baseline characteristics of the populations are presented as means (SD) or medians (IQR) for continuous variables or number of patients (percentage) for categorical variables. The normality of distribution for continuous variables has been assessed using the Kolmogorov-Smirnov test. Populations were compared using χ^2^ test for binary variables and unpaired t-test and analysis of variance for continuous variables. When the assumptions of normality were not met, we used non-parametric test equivalents.

### Survival analysis {#s2-6-3}

Patients were included in the study from the date of their dementia diagnosis until their date of death or end of follow-up (August 28, 2016), whichever came first. The time scale used was time since entry (date of dementia diagnosis) for all analyses.

Cox-regression models were used to determine HRs with 95% CIs for the overall mortality in the users and non-users of ChEI. Competing risk regression models according to Fine and Gray[@R25] were used to produce subdistribution HRs and compare the effect of ChEI usage on specific-cause mortality with other-cause mortality as competing risk. As the prescription of medication was considered also after the start of follow-up, ChEI usage and dose-response were entered into the regression models as time-varying covariates.

We analyzed the ChEI effect on mortality in the whole cohort and in the PS-matched cohorts.

In the whole cohort, we used two regression models with increasing level of confounder adjustment. In the unadjusted models, each predictor was entered separately. In the adjusted model, the confounders were entered concurrently. The analysis of patients without DM included these variables: age at dementia diagnosis, sex, MMSE score, dementia type, cohabitation (living alone, living with another adult, at nursing home), Charlson comorbidity score at dementia diagnosis, cardiovascular, antithrombotic, antipsychotic and hypnotic/sedative medication at the time of dementia diagnosis or up to 3 years before and ChEI. The analysis of patients with DM had been additionally adjusted for the use of antidiabetic medication at the time of dementia diagnosis or up to 3 years before and diabetes duration.

Due to some residual differences in the matched cohorts based on class ChEI usage, we adjusted for age and MMSE score in the matched analysis of ChEI in non-DM and for age and dementia type in DM cohort.

Survival data are presented as medians with 95% CIs, HRs with 95% CIs or subdistribution HRs (sHR) with 95% CIs in the competing risk analysis.

Data were analyzed using SPSS V.23 (IBM, Armonk, New York, USA) and SAS V.9.4 (SAS Institute, Cary, North Carolina, USA).

Ethical considerations {#s2-7}
----------------------

This study complies with the Declaration of Helsinki and was approved by the regional ethical committee in Stockholm, Sweden (number of the ethical approval: 2015/1313--32).

Results {#s3}
=======

Population description {#s3-1}
----------------------

After excluding patients with duplicitous records, prevalent users, patients with missing information on drug use and other dementia types than AD or mixed-pathology dementia, we narrowed down the final study population to 22 660 patients. The patients with a prior diagnosis of DM amounted to 3176 patients (14%) ([online supplementary figure 1](#SP1){ref-type="supplementary-material"}).

In total, 2110 (66.4%) patients with DM were users of ChEI compared with 14 070 (72.2%) patients without DM. Multiple significant differences existed between the users and non-users of ChEI, in both DM and non-DM cohorts ([table 1](#T1){ref-type="table"}). Most notably, the users were significantly younger at the time of dementia diagnosis (78.1 vs 81.4 years in the DM group, 78 vs 83 in the non-DM group), were less frequently at nursing homes (3.8% vs 11.5% in DM, 3.4% vs 10.8% in non-DM) and had higher median MMSE scores (22 vs 20 both groups). In addition, the prevalence of mixed-pathology dementia was lower in the ChEI users (42% vs 65.9% in DM, 31.5% vs 54.3% in non-DM). The exposure to specific drugs and mortality rates are also summarized in [table 1](#T1){ref-type="table"}.

###### 

Description of patients with dementia by diabetes status and cholinesterase inhibitor use

  ---------------------------------------------------------------------------------------------------------------------------------------------
                                Whole cohort: Diabetes\   P value        Whole cohort: Diabetes-free\   P value                       
                                (3176 patients)                          (19 484 patients)                                            
  ----------------------------- ------------------------- -------------- ------------------------------ -------------- -------------- ---------
  Age, years                    78.1 (6.9)                81.4 (6.6)     \<0.001                        78 (7.8)       83 (6.7)       \<0.001

  Male sex                      932 (44.2%)               489 (45.9%)    0.36                           5030 (35.7%)   1963 (36.3%)   0.51

  Living alone                  869 (41.2%)               471 (44.2%)    \<0.001                        5937 (42.2%)   2771 (51.2%)   \<0.001

  Living with an adult          1161 (55.0%)              472 (44.3%)    7649 (54.4%)                   2056 (38%)                    

  At nursing home               80 (3.8%)                 123 (11.5%)    484 (3.4%)                     587 (10.8%)                   

  Alzheimer's disease           1223 (58%)                363 (34.1%)    \<0.001                        9531 (68.5%)   2474 (45.7%)   \<0.001

  Mixed dementia                887 (42%)                 703 (65.9%)    4439 (31.5%)                   2940 (54.3%)                  

  MMSE score                    22 (6)                    20 (7)         \<0.001                        22 (6)         20 (7)         \<0.001

  Charlson comorbidity index    2 (2)                     2 (3)          \<0.001                        1 (1)          2 (2)          \<0.001

  Antidiabetic medication       1764 (83.6%)              863 (81.0%)    0.063                                                        

  Cardiovascular medication     1942 (92.0%)              1014 (95.1%)   0.001                          9240 (65.7%)   4099 (75.7%)   \<0.001

  Antithrombotic medication     1422 (67.4%)              827 (77.6%)    \<0.001                        6078 (43.2%)   2982 (55.1%)   \<0.001

  Antipsychotics                77 (3.6%)                 76 (7.1%)      \<0.001                        533 (3.8%)     398 (7.4%)     \<0.001

  Hypnotics/sedatives           521 (24.7%)               321 (30.1%)    0.001                          3495 (24.8%)   1639 (30.3%)   \<0.001

  Diabetes duration             6.0 (7.2)                 6.2 (8.5)      0.046                                                        

  Median survival time, years   4.5 (4.3--4.8)                           5.5 (5.4--5.6)                 \<0.001                       

  Died during follow-up         778 (36.9%)               570 (53.5%)    \<0.001                        4668 (33.2%)   2562 (47.3%)   \<0.001

  Cardiovascular mortality      221 (10.5%)               164 (15.4%)    \<0.001                        1077 (7.7%)    669 (12.4%)    \<0.001

  Diabetes mortality            47 (2.2 %)                41 (3.8%%)     0.01                                                         

  Donepezil                     1294 (61.3%)                                                            8214 (58.4%)                  0.14

  Rivastigmine                  514 (24.4%)                                                             3736 (26.6%)                  \<0.001

  Galantamine                   529 (25.1%)                                                             4270 (30.3%)                  \<0.001
  ---------------------------------------------------------------------------------------------------------------------------------------------

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                               ChEI PS matched: Diabetes\   P value       SMD              ChEI PS matched: Diabetes-free\   P value        SMD                      
                               (999 users/999 non-users)                                   (5358 users/5,358 non-users)                                              
  ---------------------------- ---------------------------- ------------- ---------------- --------------------------------- -------------- -------------- --------- -------
  Age, years                   80.1 (6.4)                   80.9 (6.6)    0.004            −0.12                             81.1 (7.2)     82.5 (6.8)     \<0.001   −0.17

  Male sex                     451 (45.1%)                  449 (44.9%)   0.93             0.01                              2068 (38.7%)   1942 (36.3%)   0.02      0.05

  Living alone                 411 (41.1%)                  454 (45.4%)   0.001            0.03                              2521 (47.1%)   2721 (50.9%)   \<0.001   −0.01

  Living with an adult         528 (52.9%)                  456 (45.6%)   2534 (47.4% %)   2105 (39.4%)                                                              

  At nursing home              60 (6.0%)                    89 (8.9%)     293 (5.5%)       522 (9.8%)                                                                

  Alzheimer's disease          444 (44.4%)                  372 (37.2%)   0.006            −0.15                             2788 (52.1%)   2598 (48.6%)   \<0.001   −0.08

  Mixed dementia               555 (55.6%)                  627 (62.8%)   2560 (47.9%)     2750 (51.4 %)                                                             

  MMSE score                   21 (7)                       20 (7)        0.11             0.08                              21 (7)         20 (7)         \<0.001   0.13

  Charlson comorbidity index   2 (2)                        2 (2)         0.16             −0.05                             2 (2)          2 (2)          0.01      −0.03

  Antidiabetic medication      823 (82.4%)                  813 (81.4%)   0.56             0.03                                                                      

  Cardiovascular medication    939 (94.0%)                  946 (94.7%)   0.5              −0.03                             3823 (71.5%)   3976 (74.3%)   0.001     −0.06

  Antithrombotic medication    722 (72.3%)                  756 (75.7%)   0.08             −0.07                             2813 (52.6%)   2878 (53.8%)   0.21      −0.03

  Antipsychotics               54 (5.4%)                    60 (6.0%)     0.56             −0.03                             320 (6.0%)     335 (6.3%)     0.55      −0.02

  Hypnotics/sedatives          269 (26.9%)                  278 (27.8%)   0.65             −0.02                             1586 (29.7%)   1570 (29.4%)   0.73      0.01

  Diabetes duration            6.3 (7.5)                    6.1 (8.3)     0.95             −0.01                                                                     

  Died during follow-up        423 (42.3%)                  509 (51.0%)   \<0.001                                            2150 (40.2%)   2439 (45.6%)   \<0.001   

  Cardiovascular mortality     130 (13%)                    140 (14%)     0.51                                               563 (10.5%)    641 (12%)      0.017     

  Diabetes mortality           32 (3.2%)                    38 (3.8%)     0.54                                                                                       

  Donepezil                    615 (61.6%)                                                                                   3197 (59.8%)                            

  Rivastigmine                 207 (20.7%)                                                                                   1269 (23.7%)                            

  Galantamine                  243 (24.3%)                                                 1440 (26.9%)                                                              
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Age is described as mean (SD); MMSE score, Charlson index and diabetes duration (in years) are described as median (IQR); Median survival time is described as number of years with 95% CI; other variables are described as number of patients (%); PS-matched cohorts were matched on age, gender, cohabitation, dementia type, MMSE score, Charlson index, antipsychotics, hypnotics/sedatives, cardiovascular and antithrombotic medication and antidiabetic medication use and diabetes duration (last two variables included only in the DM cohort). SMD were calculated for the matching variables. The use of donepezil, rivastigmine and galantamine is compared in patients with DM and patients without DM.

ChEI, cholinesterase inhibitors; DM, diabetes mellitus; MMSE, Mini-Mental State Examination; PS, propensity score; SMD, standardized mean differences in PS-matched treated vs control subjects.

After PS matching, the differences between users and non-users of ChEI were substantially reduced and with the exceptions of age at dementia diagnosis, dementia type and MMSE score all standardized mean differences were less than 0.1 SD. In PS-matched cohorts of specific drugs all differences were below 0.1 SD. The baseline characteristics of the PS-matched cohorts are summarized in [table 1](#T1){ref-type="table"} and [online supplementary tables 2--4](#SP1){ref-type="supplementary-material"}.

All-cause mortality and dose-response {#s3-2}
-------------------------------------

The all-cause mortality rates are summarized in the [tables 2 and 3](#T2 T3){ref-type="table"}.

###### 

All-cause mortality in patients with dementia by DM status and general ChEI use

                               Diabetes and dementia HR (95% CI)   
  ---------------------------- ----------------------------------- -------------------------
  Age                          1.08 (1.07 to 1.09)\*\*             1.06 (1.05 to 1.07)\*\*
  Male sex                     1.30 (1.16 to 1.44)\*\*             1.53 (1.36 to 1.72)\*\*
  Dementia                                                         
   AD                          Reference                           Reference
   Mixed                       1.50 (1.35 to 1.67)\*\*             1.17 (1.04 to 1.30)\*
  Cohabitation                                                     
   Living alone                Reference                           Reference
   Living with an adult        0.80 (0.71 to 0.89)\*\*             0.84 (0.75 to 0.96)\*
   At nursing home             2.20 (1.83 to 2.66)\*\*             1.33 (1.09 to 1.62)\*
  MMSE score                   0.93 (0.93 to 0.94)\*\*             0.95 (0.94 to 0.96)\*\*
  Charlson comorbidity index   1.18 (1.15 to 1.22)\*\*             1.11 (1.08 to 1.14)\*\*
  Antidiabetic medication      0.92 (0.80 to 1.06)                 1.06 (0.92 to 1.21)
  Cardiovascular medication    1.28 (1.03 to 1.60)\*               1.13 (0.90 to 1.41)
  Antithrombotic medication    1.41 (1.24 to 1.59)\*\*             1.05 (0.92 to 1.20)
  Antipsychotics               1.32 (1.05 to 1.65)\*               0.99 (0.79 to 1.25)
  Hypnotics/sedatives          1.19 (1.06 to 1.34)\*               1.00 (0.89 to 1.14)
  Diabetes duration            1.01 (1.01 to 1.02)\*               1.01 (1.01 to 1.02)\*
  ChEI                         0.51 (0.45 to 0.57)\*\*             0.70 (0.62 to 0.79)\*\*
  ChEI---PS-matched            0.76 (0.67 to 0.86)\*\*             

                               Diabetes-free and dementia HR (95% CI)   
  ---------------------------- ---------------------------------------- -------------------------
  Age                          1.08 (1.08 to 1.09)\*\*                  1.06 (1.06 to 1.07)\*\*
  Male sex                     1.31 (1.25 to 1.38)\*\*                  1.48 (1.40 to 1.56)\*\*
  Dementia                                                              
   AD                          Reference                                Reference
   Mixed                       1.65 (1.57 to 1.73)\*\*                  1.16 (1.10 to 1.22)\*\*
  Cohabitation                                                          
   Living alone                Reference                                Reference
   Living with an adult        0.78 (0.74 to 0.82)\*\*                  0.94 (0.89 to 0.99)\*
   At nursing home             1.99 (1.82 to 2.16)\*\*                  1.27 (1.17 to 1.39)\*\*
  MMSE score                   0.93 (0.93 to 0.93)\*\*                  0.94 (0.94 to 0.95)\*\*
  Charlson comorbidity index   1.19 (1.18 to 1.21)\*\*                  1.14 (1.12 to 1.16)\*\*
  Cardiovascular medication    1.40 (1.33 to 1.47)\*\*                  1.04 (0.98 to 1.10)
  Antithrombotic medication    1.55 (1.48 to 1.62)\*\*                  1.10 (1.04 to 1.16)\*
  Antipsychotics               1.57 (1.44 to 1.72)\*\*                  1.18 (1.07 to 1.30)\*
  Hypnotics/sedatives          1.23 (1.17 to 1.30)\*\*                  1.04 (0.99 to 1.10)
  ChEI                         0.46 (0.44 to 0.48)\*\*                  0.68 (0.65 to 0.72)\*\*
  ChEI---PS-matched            0.80 (0.75 to 0.84)\*\*                  

Model 0 was unadjusted; Model one was adjusted for all predictors included in the table; PS-matched analysis is adjusted for age and MMSE in the Diabetes-Free cohort and for age and dementia type in the Diabetes cohort due to residual differences in the matched cohorts.

\*P\<0.05; \*\*P\<0.001.

AD, Alzheimer's disease; ChEI, cholinesterase inhibitors; Mixed, mixed-pathology dementia; MMSE, Mini-Mental State Examination; PS, propensity score.

###### 

All-cause mortality in users of specific cholinesterase inhibitors by diabetes status

                 Diabetes and dementia HR (95% CI)                             
  -------------- ----------------------------------- ------------------------- -----------------------
  Donepezil      0.63 (0.55 to 0.72)\*\*             0.76 (0.66 to 0.88)\*\*   0.84 (0.74 to 0.96)\*
  Rivastigmine   0.68 (0.56 to 0.83)\*\*             0.88 (0.72 to 1.07)       0.97 (0.79 to 1.20)
  Galantamine    0.57 (0.48 to 0.67)\*\*             0.68 (0.57 to 0.81)\*\*   0.80 (0.66 to 0.97)\*

                 Diabetes-free and dementia HR (95% CI)                             
  -------------- ---------------------------------------- ------------------------- -------------------------
  Donepezil      0.59 (0.56 to 0.63)\*\*                  0.69 (0.65 to 0.73)\*\*   0.85 (0.80 to 0.90)\*\*
  Rivastigmine   0.61 (0.56 to 0.66)\*\*                  0.82 (0.75 to 0.89)\*\*   1.03 (0.95 to 1.12)
  Galantamine    0.55 (0.51 to 0.59)\*\*                  0.74 (0.69 to 0.80)\*\*   0.93 (0.86 to 0.99)\*

Model 0 was unadjusted; Model 1 was adjusted for age at dementia diagnosis, gender, dementia type, cohabitation, Mini-Mental State Examination score, Charlson comorbidity index, antipsychotics, hypnotics/sedatives, cardiovascular and antithrombotic medication; Model 1 for the analysis in patients with diabetes and dementia was additionally adjusted for the use of antidiabetic medication and diabetes duration.

\*P\<0.05; \*\*P\<0.001.

PS, propensity score.

In the whole cohort, ChEI use was associated with 30% mortality reduction in the DM group (0.70 (0.62 to 0.79)) and 32% in the non-DM group (0.68 (0.65 to 0.72)). Donepezil use was associated with 24% mortality reduction (0.76 (0.66 to 0.88)) in the DM group and 31% (0.69 (0.65 to 0.73)) in the non-DM group, while galantamine was associated with 32% reduction in the DM group (0.68 (0.57 to 0.81)) compared with 26% in the patients without DM (0.74 (0.69 to 0.80)). Rivastigmine was associated with lower mortality only in the non-DM group (0.82 (0.75 to 0.89)).

In the PS-matched analysis, ChEI use was associated with 24% mortality reduction (0.76 (0.67 to 0.86)) in patients with DM, compared with 20% (0.80 (0.75 to 0.84)) in patients without DM. The association between donepezil and mortality reduction was similar in both DM (0.84 (0.74 to 0.96)) and non-DM group (0.85 (0.80 to 0.90)), while galantamine was associated with 20% mortality reduction in patients with DM (0.80 (0.66 to 0.97)) and 7% in the patients without DM (0.93 (0.86 to 0.99)).

When compared with the low-dose group, the high-dose group was not significantly associated with improved mortality in any of the analysis. Non-users had consistently higher mortality rates in almost all analyses, with the exception of rivastigmine in the PS-matched analysis ([online supplementary table 1](#SP1){ref-type="supplementary-material"}).

Cardiovascular and diabetes mortality {#s3-3}
-------------------------------------

[Table 4](#T4){ref-type="table"} represents the analysis of CV and DM mortality based on the Fine and Gray models. In the adjusted whole-cohort analysis, ChEI class, donepezil and rivastigmine were significantly associated with CV mortality reduction, but only in the non-DM group (23%, 27% and 22% reductions, respectively). Conversely, only donepezil was found protective in the non-DM matched analysis (0.79 (0.71 to 0.89)).

###### 

Cause-specific mortality in patients with dementia by diabetes status

                  Diabetes and dementia sHR (95% CI)   Diabetes-free and dementia sHR (95% CI)                                                                             
  --------------- ------------------------------------ ----------------------------------------- ----------------------- ----------------------- ------------------------- -----------------------
  Whole cohort                                                                                                                                                             
   ChEI           0.60 (0.49 to 0.73)\*\*              0.87 (0.69 to 1.08)                       0.46 (0.29 to 0.72)\*   0.52 (0.32 to 0.87)\*   0.53 (0.48 to 0.58)\*\*   0.77 (0.69--0.85)\*\*
   Donepezil      0.66 (0.51 to 0.84)\*                0.84 (0.65 to 1.08)                       0.51 (0.29 to 0.92)\*   0.56 (0.30 to 1.05)     0.61 (0.54 to 0.68)\*\*   0.73 (0.65--0.82)\*\*
   Rivastigmine   0.66 (0.45 to 0.96)\*                0.83 (0.57 to 1.22)                       0.40 (0.15 to 1.09)     0.46 (0.16 to 1.30)     0.59 (0.49 to 0.70)\*\*   0.78 (0.65--0.93)\*
   Galantamine    0.88 (0.66 to 1.17)                  1.11 (0.83 to 1.49)                       0.73 (0.38 to 1.40)     0.81 (0.42 to 1.58)     0.72 (0.63 to 0.83)\*\*   0.98 (0.86--1.13)

                  Diabetes and dementia sHR (95% CI)   Diabetes-free and dementia sHR (95% CI)   
  --------------- ------------------------------------ ----------------------------------------- -----------------------
  PS matched                                                                                     
   ChEI           1.02 (0.80 to 1.30)                  0.87 (0.54 to 1.39)                       0.92 (0.81 to 1.02)
   Donepezil      0.89 (0.69 to 1.14)                  0.77 (0.47 to 1.27)                       0.84 (0.75 to 0.94)\*
   Rivastigmine   0.83 (0.56 to 1.24)                  0.92 (0.36 to 2.32)                       1.06 (0.88 to 1.26)
   Galantamine    1.10 (0.79 to 1.54)                  0.89 (0.44 to 1.80)                       1.05 (0.90 to 1.23)

Model 0 was unadjusted; Model one was adjusted for age at dementia diagnosis, gender, dementia type, cohabitation, Mini-Mental State Examination score, antipsychotics, hypnotics/sedatives, cardiovascular and antithrombotic medication and Charlson comorbidity index; Model one for the analysis in patients with diabetes and dementia was additionally adjusted for the use of antidiabetic medication and diabetes duration; PS-matched analysis of ChEI is adjusted for age and MMSE in the Diabetes-Free cohort and age and dementia type in the Diabetes cohort due to residual differences in the matched cohorts.

\*P\<0.05; \*\*P\<0.001.

ChEI, cholinesterase inhibitors; sHR, subdistribution HR; PS, propensity score.

ChEI use was associated with 48% reduction in DM mortality (0.52 (0.32 to 0.87)); however, no specific drug confirmed the reduction found in the ChEI class.

Neither the ChEI class nor specific ChEI were associated with reductions in DM mortality in the matched analysis.

Discussion {#s4}
==========

Our aim was to study the effectiveness of clinical ChEI treatment on survival in patients with DM with dementia as well as in patients without DM with dementia. The results of our study suggest that ChEI use is associated with a lower all-cause mortality rates regardless of DM status, while only donepezil and galantamine were associated with lower mortality in patients with DM. In addition, we found a reduction in diabetes-related mortality associated with the class-effect of ChEI. Last, higher ChEI doses were not associated with more pronounced mortality reduction compared with low-dose groups.

ChEI have been the first-line symptomatic treatment for AD since the late 1990s; therefore, the clinical experience with them is quite extensive. However, to our knowledge this is the first study considering such a large exposure window and stratification by DM status.

A sizeable majority of the DM cohort was prescribed ChEI; however, still significantly less than in the patients without DM, corroborating our previous results.[@R14] Nevertheless, ChEI use appeared to improve survival in both DM and non-DM group in a comparable rate (between 24% and 30% and 20% and 32%, respectively, based on PS matched and whole-cohort analyses), suggesting that patients with DM may benefit from ChEI use to a similar extent as non-DM users.

The effect of ChEI through the whole course of dementia is not fully understood. Their effect seems dependent on the clinical stage and duration of treatment, with the most benefit found in the mild and moderate stages of dementia[@R5] and longer duration of treatment.[@R26] However, ChEI have been shown to be effective also in nursing-home patients.[@R27] The average survival of patients with DM was 1 year shorter compared with patients without DM, concurring with a generally higher mortality in patients with DM,[@R28] and the average survival times in patients with dementia.[@R30] Thus, patients with DM could benefit from the ChEI use for a shorter period in absolute terms. Second, treating DM in patient with cognitive dysfunction is challenging,[@R31] and the stabilizing effect of ChEI on cognition could additionally aid the self-management of DM. Moreover, ChEI use can delay the placement of patients to nursing homes,[@R32] which could provide stronger benefit to patients with DM, as living at nursing home was a stronger predictor of mortality in patients with DM, and DM is a strong risk factor for institutionalization.[@R33] On the other hand, a 2019 meta-analysis of randomized controlled trials (RCTs) concluded no significant effect of ChEI on cognition and suggested no further clinical trials are necessary.[@R34] However, the average duration of RCTs included was quite short---approximately 30 weeks, with few RCTs lasting 8 months. The effect on cognition over longer duration may still be of clinical relevance in a dementia disorder lasting 8--10 years. Moreover, the meta-analysis could not conclude any effect on mortality, citing need for high-quality observational studies.

Interestingly, there is increasing evidence linking the ChEI use to cardiovascular and cerebrovascular protection. A recent meta-analysis of 9 cohort studies found a 37% reduction in cardiovascular events, including stroke, myocardial infarction, acute coronary syndrome and cardiovascular mortality,[@R35] and it is plausible that patients with DM may also benefit from this protective effect. The meta-analysis by Isik and colleagues also found higher prevalence of bradycardia and hypertension in ChEI users, which could counteract the appropriateness of ChEI use in patients with DM. Moreover, a common complication of DM management---hypoglycemia---can lead to multiple arrhythmias;[@R36] therefore, this subject should be further investigated. Furthermore, ChEI use is associated with weight loss that is partly attributable to gastrointestinal side-effects.[@R5] Weight loss in dementia patients with DM should be approached carefully as it can act as a double-edged sword---improving glycemic control on one side[@R37] and increasing the potential for malnutrition and hypoglycemia on the other.[@R38]

The analyses of specific ChEI drugs brought generally favorable results for donepezil, which was associated with improved mortality rates in both patients with DM and non-DM. Donepezil was the most commonly prescribed ChEI, which probably reflects that it was the first approved ChEI and is better tolerated compared with galantamine and rivastigmine's oral form.[@R11] In addition, we found that donepezil was the only ChEI consistently associated with reduction in cardiovascular mortality, corroborating previous data on cardiovascular and cerebrovascular outcomes from Nordström, Tan and others.[@R7] Hwang and colleagues also found anti-inflammatory effects in donepezil treatment, however only in high doses.[@R39]

We found some evidence toward mortality reduction in rivastigmine; however, this was not consistent and limited to patients without DM. The lack of association between rivastigmine and mortality in patients with DM is in contrast to studies concluding its benefits in inhibiting both acetyl- and butyrylcholinesterase,[@R40] as well as rivastigmine's alternative administration method---the transdermal patch---which avoids the cholinergic peaks and improves safety and tolerability.[@R41] On the other hand, accidental applications of multiple rivastigmine patches could lead to carbamate-like poisoning and death.[@R43] This could be more pronounced in polymedicated patients and with increased dementia severity (such as patients with DM); however, we could not stratify on rivastigmine's delivery methods in our study.

Galantamine use was associated with a clear reduction of mortality in patients with DM (32% whole-cohort, 20% matched cohort). Its possible benefit for patients with DM could lie in the galantamine's allosteric potentiation of alpha-7 nicotinic receptors. These receptors are involved in the cholinergic anti-inflammatory pathway and can attenuate macrophage and microglial response to cytokines.[@R44] In addition, a recent small clinical trial reported alleviation of insulin resistance and peripheral anti-inflammatory effect in galantamine users with metabolic syndrome.[@R46] Both systemic and neuroinflammation are common to patients with type 2 DM;[@R47] therefore, the relatively higher mortality reduction in DM users might be due to galantamine's unique profile. On the other hand, more common adverse reactions compared with donepezil could predispose galantamine use to a specific group of patients with dementia able to withstand the side-effects and benefit from its pharmacodynamics.

We did not observe a dose-response effect in all-cause mortality analyses, suggesting that lower doses provide similar benefit. This is in contrast to previous studies;[@R7] however, we used a different grouping method and also took into account the possibility of changing doses with advancing time. High-dose rivastigmine and galantamine in the non-DM cohorts were associated with higher mortality; however, the matched and whole-cohort analyses were discordant. Therefore, it is more likely that the ChEI dose side-effect/benefit ratio plays a similar role in both DM and non-DM groups.

ChEI as a class seemed to reduce DM mortality; however, this was not corroborated in the matched analysis, likely due to small number of events. We believe that more work on the subject is needed, as DM is less frequently included as underlying cause of death by physicians.[@R24] On the other hand, there is no reason why DM should be reported less frequently as underlying cause of death in ChEI users; thus, further studies should determine whether cognitive stabilization or cardiovascular protection due to ChEI use helps maintain HbA~1c~ targets of patients with DM or prevents hypoglycemic episodes.

In conclusion, our study brings evidence that ChEI use is associated with mortality reduction in patients with DM with AD or mixed-pathology dementia, with specifically galantamine and donepezil having potential benefit. Future studies should investigate, whether a "prescription hierarchy" for patients with dementia could be created with the aim of advising caregivers on which drugs to use and which to omit.

Strengths and weaknesses {#s4-1}
------------------------

Our study is strengthened by the long-term exposure window and follow-up, large sample size and the national coverage of the registers. In addition, data stored in the Drug Registry offers a close reflection of the prescription fills recorded in every Swedish pharmacy. On the other hand, certain drawbacks need to be addressed.

We used non-randomized observational data and therefore we could not assess causal links. Moreover, residual confounding that we could not account for (eg, level of DM control) could affect mortality rates and as in all pharmaco-epidemiological studies, confounding by indication needs to be considered as potential source of bias. Ergo, it is not possible in this observational setting to account for the clinical decision-making and overall patient health, even though the matching and adjustment provide increased comparability between the user/nonuser pairs.

SveDem is connected to all specialist memory clinics in Sweden and to increasing number of primary care centers and nursing homes.[@R17] Still, the coverage of incident dementia has been previously estimated to 36%, which somewhat hinders the ability to generalize the results to the entire Swedish dementia population.[@R17] However, other studies reported younger, healthier populations with higher socioeconomic status to be more commonly registered to quality registers, meaning our results also likely can be extrapolated to such patients.[@R49] Unfortunately, it is difficult to gather the frailest dementia population, due to inherent nature of the disease and lower contact with healthcare.

The completeness of the Death Registry is good, with almost 100% ascertainment of all-cause mortality. However, approximately 16% of the underlying causes of death were missing in both DM and non-DM populations, which could bias the cause-specific mortality rates, but in an unknown manner. Physicians are generally advised to input the condition that led directly to death as the underlying cause, which would mean more frequent records of cardiovascular and cerebrovascular conditions like stroke or myocardial infarction.[@R24]

Overall, we believe that our study results could be applied to a large population of patients with DM and dementia, but probably a somewhat healthier group.[@R49]

We would like to thank all patients, caregivers and staff for providing their information to the registry.
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